Combinatorial methods provide a new paradigm for advancing scientific discovery.
Introduction:
Combinatorial methods are a powerful tool in the rapid discovery of technologically significant materials [1] . Typically, thin-films are deposited in a way such that the composition varies in a controlled manner as a function of position. The film represents a range of similar but unique materials where the composition and structure smoothly vary as a function of position.
After the film is characterized a particular composition/structure could be selected by choosing the appropriate position on the film.
The composition/structure can effectively be "read" off the film by looking up the appropriate position. For this reason composition-spread films of similar but unique materials are often referred to as composition-spread "libraries" of materials. After characterization the library of materials is tested for suitability in the desired application.
For example, a composition-spread library of zinc alloys could be deposited and then exposed to a salt-spray. Presumably, individual alloys would have different corrosionresistant properties. Since composition varies smoothly with position, the composition with the best corrosion-resistant properties could be readily identified. Further experiments would then focus on a much smaller composition range. Conventional oneat-a-time fabrication and testing methods could not be used in such a way due to the enormous investment of time.
Composition-spread libraries are commonly prepared by thin-film sputter and vapor deposition methods, which are complex, expensive and slow. Electrodeposition, unlike sputter and vapor deposition methods, is inexpensive, fast and simple. We will show how a composition-spread library of binary alloys can be electrodeposited from a single aqueous bath in a single run. We have explored the advantages of composition-spread libraries of binary alloys prepared via electrodeposition previously [2] , using a copper-tin system. The purpose of this study is to compare the composition and structure of binary alloys in the composition-spread library to binary alloys deposited in bulk using one-at-a-time methods. We will show that the composition-spread film is representative of bulk samples prepared by one-at-a-time electrodeposition methods.
Experimental:
Electrodeposition was performed in a potassium pyrophosphate bath containing hydrated copper and zinc sulfates:
This bath was used to deposit both the compositionspread library of copper-zinc alloys and individual bulk alloys prepared by one-at-a-time methods.
Deposition of the composition-spread library of copper-zinc alloys was performed in a homemade, modified Hull cell [3] made from polyvinyl chloride (PVC), as shown in Figure 1 . The cell is 7.5 cm wide and 6.9 cm tall. The working electrode (cathode) is inclined at a 51.5° angle with respect to the anode, which is 7.3 cm wide. The closest approach of counter electrode (anode) to working electrode is 1.0 cm, and the furthest separating distance is 9.0 cm. The oblique angled working electrode is 11.0 cm long.
The cell has a volume of approximately 250 mL.
Deposition of bulk alloys was performed in a parallel electrode cell measuring 8.2 × 5.0 × 6.7 cm (approximately 250 mL) using pulsed electrodeposition. The working and counter electrodes were separated by 5.0 cm. Pulsed and galvanostatic deposition was performed using a Keithley 236 Source Measure Unit. A Visual Basic program was written to calculate and apply a pulsed waveform from user defined parameters.
Nickel foil was used as the working electrode. The nickel foil, PVC vessel and counter electrode were wiped with acetone, ethanol and then methanol. 3M Plater's tape was used to secure the foil to the PVC backing around the immersed edges to prevent deposition on the back of the foil. Note that the Plater's tape slightly decreased the available area for deposition. In the modified Hull cell the usable area is decreased from 11.0 × 7.3 cm to approximately 10.8 × 7.1 cm. In the parallel electrode cell configuration the usable area is decreased from 8.2 × 6.7 cm to approximately 8.0 cm × 6.5 cm.
Wavelength dispersive spectroscopy (WDS) studies were performed using a JEOL JXA-8200 Superprobe with five wavelength dispersive spectrometers to determine the composition of the electrodeposited films.
X-ray diffraction (XRD) measurements were performed using two separate instruments. XRD scans of the composition-spread film were obtained using an INEL CPS120 curved position sensitive detector coupled to an x-ray generator equipped with a copper target x-ray tube. There is a monochromator in the incident beam path that limits the wavelengths striking the sample to copper K α . The incident angle of the beam with respect to the sample is about 6 o . The detector measures the entire diffraction pattern between scattering angles of 6° and 120 o at once. The film sample is placed on a x-y translating stage that allows measurement and move operations to be sequentially programmed. Scans were taken incrementally along the length of the film.
Powder XRD patterns were obtained using a JD2000 diffractometer equipped with a copper-target X-ray tube and a diffracted beam monochromator.
Electroplating Strategy:
All deposition runs used a zinc anode as the counter electrode since the solution is predominantly zinc , so it will preferentially deposit. However, the zinc concentration is much higher than copper (23:1 zinc:copper). At the low current density end of the film (long, thin arrow in Figure 1 ), copper ions have ample time to diffuse in from bulk solution and replace the ions being deposited. At the high current density end of the working electrode (short, thick arrow in Figure 1 ) the molarity difference between copper and zinc becomes more significant. Copper is deposited at its limiting current density but zinc is not. Copper ions slowly diffuse in from the bulk solution while ample zinc ions are available for deposition. Zinc is preferentially deposited simply because there isn't enough copper around. Alloys deposited at the highcurrent density end of the film will be rich in zinc while alloys deposited at the lowcurrent density end of the film will be rich in copper, and the area between will show a smooth variation in composition.
This approach has been explored before using a Rotating Cylindrical Hull Cell [4] . Our results are unique because we use a copper-zinc (rather than copper-nickel) system and we compare the structure and stoichiometry of our electrodeposited composition-spread library of binary alloys to bulk electrodeposited samples prepared by one-at-a-time conventional methods.
Seven different bulk samples were prepared in the parallel electrode cell discussed above using on/off pulsed electrodeposition. The same pulsed waveform was used to deposit each bulk alloy, only the length of the off pulse was varied. A 100 mA pulse was applied for 6.09 s followed by an off pulse, ranging from 0 to 36 s. and zinc ions may have been reached at the high-current density end, resulting in hydrogen evolution, which would also explain why, on average, the composition does not vary significantly.
A second composition-spread library of copper-zinc alloys was deposited for gravimetric analysis. Peeling at the high current density end of the film was still an issue but extra care was taken to ensure the peeling flakes were not lost. The zinc content is further reduced as we go towards the low-current density end of the film (up Figure 4) , and the β′-CuZn phase seems to disappear almost entirely by scan #12. Figure 4 shows how the structure smoothly varies along the length of the film. It is reasonable to conclude that the structure variation is a consequence of the change in composition, especially since there is some agreement with the phase diagram. However, since the current density varies along the length of the film so does the thickness ( Figure   3 ), we need to determine whether the structural and compositional variation is a function of thickness and not just composition. Figures 4 and 6 show that structure has a strong dependence on copper content in the film, which is expected given the number of different phases in the copper-zinc phase diagram. Figure 7 further supports the importance of copper on the structure. By lowering the current density copper ions have more time to diffuse to the electrode and deposit. Figure 7b shows that the film deposited at 3.6 mA/cm 2 has a much higher zinc content (70 %) than the one deposited at a lower current density (0.7 mA/cm 2 , 30 % zinc). Its interesting that the 70 % zinc film is much more crystalline than the 30% zinc film, this may be due to the fact that the 30 % zinc film, according to the phase diagram, is a solid solution of zinc in a copper matrix. Figure 7a shows that the film obtained from the high copper molarity (0.056 M) bath has a much higher zinc content (70 %) compared to the film obtained from the lower copper molarity (0.013 M, 30 % zinc) bath. The higher the copper concentration the more quickly copper will diffuse to the working electrode so the more copper will deposit. Figure 7 shows that bulk, nano-structured copper-zinc alloys can be deposited by two different conventional electrodeposition methods (galvanostatic and pulsed). It would be easy to scale the process and deposit kg, rather than mg, of material. Unfortunately the importance of scalability is often overlooked.
Conclusion:
A composition-spread library of copper-zinc alloys has been deposited from a single bath in a single run where composition and structure varies smoothly as a function of position.
The film was prepared simply, inexpensively and quickly. The composition-spread library follows the copper-zinc phase diagram except the γ-Cu 5 Zn 8 phase is not observed.
The crystal structure and composition of alloys deposited in the composition-spread library is representative of bulk alloys prepared by one-at-a-time methods. This means that a material discovered using the combinatorial electrodeposition method discussed here could be used to find and optimize a material that could then be fabricated using conventional, one-at-a-time bulk deposition methods. Compared to competing technologies the road from discovery to mass production would be relatively easy.
Therefore, we have shown that a combinatorial method via electrodeposition embodies, and even extends, the advantages of combinatorial material science: "faster, better, cheaper, simpler and scalable". 
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